To fill the knowledge gap on the biology of the fish coccidian Goussia janae, RNA extracted from exogenously sporulated oocysts was sequenced. Analysis by Trinity and Trinotate pipelines showed that 84.6% of assembled transcripts share the highest similarity with Toxoplasma gondii and Neospora caninum. Phylogenetic and interpretive analyses from RNA-seq data provide novel insight into the metabolic capabilities, composition of the invasive machinery and the phylogenetic relationships of this parasite of cold-blooded vertebrates with other coccidians. This allows re-evaluation of the phylogenetic position of G. janae and sheds light on the emergence of the highly successful obligatory intracellularity of apicomplexan parasites. G. janae possesses a partial glideosome and along with it, the metabolic capabilities and adaptions of G. janae might provide cues as to how apicomplexans adjusted to extra-or intra-cytoplasmic niches and also to become obligate intracellular parasites. Unlike the similarly localized epicellular Cryptosporidium spp., G. janae lacks the feeder organelle necessary for directly scavenging nutrients from the host. Transcriptome analysis indicates that G. janae possesses metabolic capabilities comparable to T. gondii. Additionally, this enteric coccidium might also access host cell nutrients given the presence of a recently identified gene encoding the molecular sieve at the parasitophorous vacuole membrane.
Introduction
Members of the phylum Apicomplexa share distinctive morphological traits, the presence of a set of unique organelles at the apical end being their prominent unifying feature. This apical complex includes the secretory organelles called the rhoptries and micronemes, the apical polar ring, and the conoid. The rhoptries and micronemes are unique secretory organelles that are associated with motility, adhesion, invasion and establishment of a parasitophorous vacuole. The conoid is a cone-shaped structure believed to play a mechanical role in the invasion of host cells. The parasites possess flattened membranous vesicles called alveoli, closely apposed beneath the plasma membrane. The composite structure of the parasite membrane and the inner membrane complex (IMC) is associated with a number of cytoskeletal elements, including actin, myosin, microtubules, and a network of intermediate filament-like proteins. The IMC plays a structural role and is an important scaffold element during cytokinesis, in addition to being involved in motility and invasion of the host cell (Harding and Meissner 2014) . Most apicomplexans also have another unique structure, a chloroplast-like organelle called the apicoplast, a derived non-photosynthetic plastid (van Dooren and Striepen 2013) .
The genus Goussia Labbé, 1896 (Apicomplexa, Eimeriorina) accommodates piscine and amphibian coccidia with thin-walled oocysts which lack micropyle and contain four dizoic bivalved sporocysts. Although members of the genus Goussia are mostly encountered in the intestine, infections of other organs, such as kidney and spleen are quite common. Most species have homoxenous life cycles, but a more complex cycle involving fish as definitive hosts and tubificids and other invertebrates as vectors and/or paratenic hosts was experimentally proven in a few cases (Dyková and Lom 1981; Lom and Dyková 1992; Fournie and Overstreet 1983; Steinhagen and Körting 1990) .
Goussia janae was described from the intestine of dace Leuciscus leuciscus and chub Squalius cephalus. It is a causative agent of heavy infections manifested by microvillar atrophy of epithelial cells and subsequent formation of multiple secondary mucosal folds (Lukeš and Dyková 1990) . The parasite has a strict seasonal occurrence, with immature oocysts being shed in spring from its fish host in feces or massively in casts. Sporulation is exogenous and at 10
• C takes about 48 hours (Lukeš and Dyková 1990; Lukeš and Starý 1992) . G. janae development occurs inside the intestinal epithelium, yet in a characteristic epicellular location (also known as extracytoplasmic). This means that merogonial, gamogonial and early sporogonial stages are confined to the microvillar region of the epithelial cells, where they are covered by very closely apposed enterocyte and parasitophorous vacuole membranes (PVMs) (Lukeš and Starý 1992; Molnár 1996) . The more frequent "monopodial" subtype of the epicellular interaction means that the coccidium forms a single zone of attachment with the host cell cytoplasm, whereas the so-called "spider-like" subtype describes stages positioned above the microvillar region, connected to the host cell only through several narrow zones of attachment (Bartošová-Sojková et al. 2015; Lukeš and Starý 1992) .
In the 18S rDNA-based phylogeny, some piscine coccidians (e.g. G. janae, G. ameliae, G. pannonica, G. szekelyi) form basal lineages of the species-rich eimeriorinid clade, or of its sarcocystid subclade, which encompass economically important parasites of both homeothermic and poikilothermic vertebrate hosts (Bartošová-Sojková et al. 2015; Jirků et al. 2002; Lovy and Friend 2015; Molnár et al. 2012; Whipps et al. 2012) .
Due to their early-branching position within coccidians, G. janae and the related piscine coccidia may share numerous ancestral features. Indeed, two-valved sporocysts of Goussia spp. with a simple longitudinal suture seem to represent the ancestral state of the Sarcocystidae + Eimeriidae + Calyptosporidae clade, from which radiations into an array of excystation structures occurred (Jirků et al. 2002) . These include the four-valved structures of sarcocystids, hemivalved arrangements with a thin membrane-covered oblong apical opening of the sporocyst wall of calyptosporids, and finally the univalved sporocysts containing Stieda and sub-Stieda bodies of eimeriids (Whipps et al. 2012) . A similar scenario can be envisioned for the evolution of host-parasite interactions, with the ancestral epicellular location retained in G. janae and related species parasitizing coldblooded vertebrates, followed by a radiation of coccidians with various derived intracellular positions. However, the basal position of G. janae and its relatives may be affected by long-branch attraction and/or on phylogenies based on just 18S rRNA gene (Jirků et al. 2009 ). Hence, to resolve the above-mentioned uncertainties, it is important to extend the phylogenetic analyses by inclusion of protein-coding genes.
As every host and host tissue represent a nutritionally different environment, development of specific adaptations related to feeding behavior is a genuine part of the parasitic lifestyle. Indeed, when compared with the intracellular Plasmodium spp., the genetic analyses of epicellular Cryptosporidium parvum and C. hominis have revealed the presence of several novel classes of cell-surface and secreted proteins with potential roles in host-parasite interactions and pathogenesis (Abrahamsen et al. 2004; Mazurie et al. 2013; Xu et al. 2004 ). However, a more extensive comparative analysis has been hindered by the lack of genomic and/or transcriptomic data from an epicellular coccidium.
In order to rectify this situation, we have performed morphological investigation of all life cycle stages of G. janae, and obtained the transcriptome of its sporulated phase which was selected because of the easy accessibility of a huge number of oocysts from host's casts minimally contaminated by host tissue. The collected data was used for extensive phylogenetic analyses and for predictions of the metabolic and invasive capabilities of this poorly molecularly characterized protist.
Results and Discussion

Morphology
In order to obtain sufficient quantity of starting material, we captured a dozen adult chubs in early spring when the temperature of the environment starts rising triggering the coccidium to develop and multiply in its host, thus reaching the highest infection densities during the year. While two fish were sacrificed to obtain material for light and electron microscopy, most were kept in an aquarium until they started to shed feces containing unsporulated oocysts. Heavily infected fish discharged white casts full of sporogonial stages of G. janae (and remnants of host epithelial cells), which started to sporulate after one week ( Fig. 1A and B). Exogenous sporulation commences with the detachment of sporont cytoplasm from a thin oocyst wall ( Fig. 1B ; third from the top), cytoplasmic division into four globular or broadly oval sporoblasts ( Fig. 1B; top) , and final development into sporocysts, each containing two sporozoites ( Fig. 1B ; bottom). The morphology of the oocysts and sporocysts matched the original description of G. janae (Lukeš and Dyková 1990) .
In the early phase of infection, the fish intestine was densely covered with small meronts that appeared to be attached to the microvillar surface of epithelial cells (Fig. 1C) . In the more advanced phase of infection, large meronts, either undifferentiated or containing merozoites, as well as gamonts of both sexes were found in histological sections (Fig. 1D) .
As revealed by transmission electron microscopy, all merogonial, gamogonial, and early sporogonial stages were intracellular, localized within the PVM squeezed between the enterocytic membrane and cytoplasm, in what is termed the epicellular localization. The earliest developmental stages observed were small dense granules and microneme-containing oval meronts, wedged among the microvilli of the enterocyte (Fig. 1G) . Mature meronts had already developed typical apicomplexan features such as rhoptries, micronemes, and dense granules (Fig. 1F, J) . Merozoites were usually formed by ectomerogony following multiple nuclear divisions and invaginations of meront's cytoplasm (Fig. 1E) .
Early developmental stages assumed the monopodial position, with one extensive contact zone with the host cell (Fig. 1G, I , J). Later stages represented by quite large meronts, and macroand microgametocytes were as a consequence of their growth extruded above the microvillar region. The subsequent growth of multiple thin projections that fused with the microvillar membrane (Fig. 1F , H) resulted in a "spider-like" attachment of the parasite (Fig. 1F, J) . These are in fact fusions of heavily extended and distant regions of the same enterocyte membrane, apparently triggered by G. janae (Fig. 1K) . The morphology of sexual stages was similar to that of other coccidians as previously described (Lukeš and Starý 1992) . Large round macrogametocytes were observed, containing numerous dense granules, amylopectin, lipid inclusions, an apicoplast, an enlarged nucleus and endoplasmic reticulum (Fig. 1I) , whereas numerous flagellated microgametes bud off from the microgametocytes' periphery (Fig. 1J, K ).
Transcriptomic Analysis
In order to extend the morphology-based determination of the species, universal eukaryotic primers were used to amplify ∼1,800 bp-long region of 18S rRNA gene, sequencing of which confirmed the appurtenance of the coccidian in question to G. janae.
Next, total RNA extracted from exogenously sporulated oocysts was DNase treated and its integrity was confirmed using Agilent Bioanalyzer 2100 (data not shown). In order to remove rRNA, the sample was subjected to poly-A selection and used for cDNA library preparation, which was paired-end Illumina sequenced on two lanes of the flow-cell to enhance sequence coverage. After initial quality checks on the reads, a total of 349,028,400 and 346,719,676 reads with a (Grabherr et al. 2011; Haas et al. 2013; Henschel et al. 2012 ) was used to assemble the filtered reads that generated 53,573 and 53,789 contigs. Their length distribution ranged from 200 bp to more than 10,000 bp with an average length of 774 bp and a mean GC content of 42% (Fig. 2) . The most abundant raw sequences (over 80,000 contigs) were in the range of 200 to 1,200 bp. Since the oocyst sample for RNA extraction had minute impurities from bacteria that grew during the week-long exogenous sporulation, as well as some RNA from the shed intestinal tissue of the fish host, the assembled transcripts were filtered for contamination by BLAST-alignment (Altschul et al. 1990 ) with high stringency onto the Swissprot protein database (Bairoch et al. 2004; Consortium 2015) . The sequences corresponding to Cyprinidae (3,188) and various prokaryotes (331,679) were removed from subsequent analysis. Putative coding regions, at least 70 amino acids long, from the assembled Trinity transcripts were extracted using the TransDecoder utility, available in the Trinity software distribution, which yielded 44,742 peptide sequences.
A quick comparative analysis of the de novo assembled RNA-seq transcriptomes was performed using TRAPID (Van Bel et al. 2013 ), a software pipeline, which interrogates the transcripts against 'Reference proteome' databases, in this case the Alveolata clade database from OrthoMCL-DB (Chen et al. 2006) . The output of the sequence similarity search contains assignments of each transcript to individual reference genes or gene families from closely related species. The best similarity search hits from the TRAPID analysis showed the highest sequence similarity to T. gondii and N. caninum, with 44.3% and 40.3% of the sequences assigned to them, respectively (Fig. 2 ).
Annotation of Consensus Sequences
A superficial analysis of the amino acid sequences was done using KAAS (KEGG Automatic Annotation Server) (Moriya et al. 2007) , which provides functional annotation of genes by BLAST ( Altschul et al. 1990 ) comparisons against the manually curated KEGG genes database. The result contains KO (KEGG Orthology) assignments and automatically generated KEGG pathways. The KO assignment was performed based on the bi-directional best hit (BBH) of BLAST against alveolates as the representative data set.
The output categorized the sequences into 251 groups, belonging to different cellular processes and functions. The results comprised a number of categories including "Biosynthesis of secondary metabolites", "Oxidative phosphorylation", "Glycolysis/Gluconeogenesis", "Biosynthesis of amino acids", "Amino sugar and nucleotide sugar metabolism", "Starch and sucrose metabolism", "Pentose phosphate pathway", "Fatty acid metabolism", "Terpenoid backbone biosynthesis", "Alanine, aspartate and glutamate metabolism", among others (Supplementary  Material Table S1 ).
For a detailed annotation, the Trinotate suite (http://trinotate.github.io/) was employed, wherein the consensus sequences were first searched using BlastX and BlastP against the Swissprot (Bairoch et al. 2004 ) and EMBL databases (Kanz et al. 2005) . The suite also searched for protein domains by HMMER (against PFAM database) (Finn et al. 2011; Punta et al. 2012) , signal peptide (signalIP) (Petersen et al. 2011) , and transmembrane domains (tmHMM) (Krogh et al. 2001) . The BlastX and BlastP searches against Swissprot resulted in 4,913 and 3,758 annotations, while the search against the EMBL database yielded 5,571 and 8,631 annotations, respectively (Table 2 and  Supplementary Material Table S2 ). Again, among the annotated sequences, the two coccidians with by far the highest number of best hits were T. gondii and N. caninum (Table 2) .
Phylogenetic Analyses
Phylogenetic analyses based on protein sequences were done to assess the relationships of G. janae with other apicomplexans, for which sequences were available. The analyses of deduced amino acid sequences of G. janae together with other Apicomplexa were based on glyceraldehydephosphate dehydrogenase (GAPDH), pyruvate dehydrogenase E1 beta (PDHE1 ␤), malate dehydrogenase, and 6-phosphofructokinase, all single-copy protein-coding genes known to be suitable for apicomplexan phylogenetic inference (Kuo et al. 2008 ). On the basis of its intestinal and epicellular localization, it would be logical to assume that G. janae is related to coccidians with similar tissue localization, namely to members of the genus Cryptosporidium. However, none of our analyses affiliated G. janae exclusively with cryptosporidians; only one tree has shown G. janae positioned at the base of eimeriorinids + cryptosporidians (MDH in Supplementary  Material Fig. S3 ). Most of our phylogenetic analyses showed that G. janae clustered basal to the whole eimeriorinid clade or to sarcocystids (Fig. 3, and Supplementary Material Figs S3 and S4) which are in the sequence databases represented primarily by T. gondii and N. caninum, economically relevant parasites of warm-blooded vertebrates. Such relationships were previously also revealed by 18S rDNA data (Bartošová-Sojková et al. 2015; Jirků et al. 2002 Jirků et al. , 2009 Molnár et al. 2012; Whipps et al. 2012) . Exceptionally, G. janae clustered at the base of the eimeriid subclade (GAPDH in Supplementary Material Fig. S4 ) or within the sarcocystid subclade (PDHE1B in Fig. 3 ). The results of our phylogenetic analyses indicate that the epicellular parasitism arose independently in G. janae and cryptosporidians that is in agreement with the interpretations based on a large set of 18S rDNA data (Bartošová-Sojková et al. 2015) .
Analyzing G. janae Transcripts by BLAST-alignment onto T. gondii
Since the species distribution from the TRAPID analysis showed that the G. janae transcripts share the highest similarity with T. gondii and N. caninum, a blast search (p-value 10e-7) was performed against their genomes to search for and deduce the presence of corresponding genes in G. janae.
The transcripts mapped to 3,546 and 3,411 genes of T. gondii and N. caninum, respectively (Supplementary Material Table S3 ), as annotated in ToxoDB. Based on these results, the contigs and the corresponding genes were checked for their presence in metabolic pathways, as annotated in ToxoDB (Gajria et al. 2008 ) and www.llamp.net (Shanmugasundram et al. 2013 ). The contigs were analyzed independently and manually, comparing them to the corresponding blast results (against T. gondii), and were consequently assigned a score based on the amount of coverage of proteins detected and tabulated as a file (Tables 3, 4, Supplementary Material Tables S4  and S5 ). Some genes have several contigs mapped to them, which is likely due to low coverage. In case of insufficient overlap and read coverage, the assembler fails to join contigs, resulting in several different contigs matching a single transcript. Another possible explanation for this situation is alternative splicing, which, however, was not analyzed herein. Finally, some genes might have been missed either due to low/no expression at the investigated oocyst/sporozoite stage -these genes were indicated as n.d (not detected) in the tabulated list. It should also be noted that the presence of transcripts might not directly translate to protein and a functional enzyme at this stage.
Central Carbon Metabolism
It is vital to understand parasite metabolic capabilities and host-parasite interaction in order to delineate the establishment of intracellular parasitism of apicomplexans over the course of evolution (Danne et al. 2013; Fleige et al. 2010; Seeber et al. 2008) . The apicomplexans encounter different niches during their different life cycle stages and they need to evolve flexible modes of nutrient acquisition. Apart from its own metabolic capabilities, the epicellular location of G. janae provides two likely nutrient sources -the host cytosol and the lumen of the gut. We sought to understand the metabolic capabilities of G. janae at the investigated oocyst/sporozoite stage, by analyzing the enzymes that could be detected in the assembled transcriptome. The detected repertoire of the metabolic enzymes suggests an active metabolic state in the sporulated oocysts of G. janae. However, given the transitionary nature of the stage being investigated, it is difficult to conclusively ascertain the metabolic capabilities of the parasite. Glucose and other sugars should be either taken up from the host, produced by gluconeogenesis or by degrading amylopectin (Coppin et al. 2003) . According to the analysis of the transcriptomic data, G. janae possesses a glycogen debranching enzyme and glycogen phosphorylase, suggesting that it can store and mobilize glucose from amylopectin. Concordantly, morphological analysis showed the presence of amylopectin granules in the macrogametocyte stage (Fig. 1I) . Analysis of the starch metabolism pathway suggests that the studied coccidium might be capable of utilizing an UDP-glucose-based pathway to synthesize starch, as suggested for other Apicomplexa (Supplementary Material Table S4F ). Genes homologous to UDP-glucose 4-epimerase, glycogen (amylopectin/ Table S4A ), leading to the formation of phosphoenolpyruvate (PEP) from glucose-6-phosphate. The PEP thus formed can either be converted to pyruvate, by pyruvate kinase, or acted upon by phosphoenolpyruvate carboxylase to form oxaloacetate. However, we could detect neither of these enzymes in the G. janae transcriptome. Besides, the first enzymes of the pathway, hexokinase and aldolase, could also not be detected at the investigated stage. The absence of hexokinase may suggest that the oocysts/sporozoites of G. janae make use of stored amylopectin, degrading it to glucose-1-phosphate via glycogen phosphorylase and initiating glycolysis with phosphoglucomutase activity, a situation reminiscent of C. parvum (Entrala and Mascaró 1997) . The amylopectin needed for fueling the developmental stage transition and the initial infective sporozoites might be synthesized and stored at the macrogametocyte stage, where enzymes that were not detected at the investigated stage might be expressed. The absence of pyruvate kinase could be explained by its regulation by glucose-6-phosphate, a product of hexokinase, which could not be detected at this stage of the parasite (Saito et al. 2008) .
The pyrophosphate-dependent 6-phosphofructokinase (pyrophosphate: d-fructose 6-phosphate 1-phosphotransferase; PFK) was detected, indicating that the parasite relies on it, instead of ATP-PFK in this stage. Cryptosporidium species possess one lactate dehydrogenase, which converts pyruvate to lactate, whereas T. gondii possesses two isoforms of this enzyme (Ferguson et al. 2002; Yang and Parmley 1997) , one of which is detected in this stage of G. janae.
Within the transcriptome, we have detected a complete set of enzymes required for the TCA cycle (Supplementary Material Table S4B ), indicating the capability of the studied parasite to utilize acetyl-CoA from either oxidation of pyruvate or fatty acid/branched-chain amino acid degradation as the enzymes corresponding to this pathway were detected as in T. gondii (Limenitakis et al. 2013) . The genes detected indicate that G. janae could potentially oxidize glucose, various amino acids, and fatty acids via the TCA cycle. Interestingly, genes for all enzymes of this pathway are present in the C. muris genome, but are absent in C. parvum and C. hominis (Xu et al. 2004 ) C. muris possesses one citrate synthase as opposed to three isoenzymes found in T. gondii, two of which (TGME49 203110 and TGME49 268890) have orthologues in G. janae.
The pentose-phosphate pathway (PPP), or hexose-monophosphate pathway, is a source of NADPH for both biosynthetic purposes and oxidative stress protection, while at the same time produces ribose moieties for the synthesis of nucleic acids. Majority of the enzymes of the PPP including sedoheptulose-1,7-bisphosphatase were detected, indicating the capacity to utilize ribose as an alternate or supplementary carbon source (Supplementary Material Table S4C ). G. janae also expresses most of the genes involved in the branched mitochondrial respiratory chain at this stage suggesting that it is capable of oxidative phosphorylation.
The dataset obtained from BLAST alignment of the G. janae transcripts onto T. gondii protein sequences (ToxoDB) (Gajria et al. 2008 ) consists of 1,416 genes. This gives a general view of the protein repertoire available to G. janae. Within this, genes involved in the metabolism of pyruvate, glutamate and fatty acids were detected, suggesting that they can be utilized by the parasite for energy production. Transcripts coding for the enzymes involved in the fatty acid synthesis pathways I and II (FAS I and II) were detected along with an almost complete set of genes involved in the elongation of fatty acids via elongase pathway of endoplasmic reticulum. Though we could not determine the presence of the bipartite signal motif due to partial sequence information, the presence of a typical apicoplast (Fig. 1I ) and detection of a few apicoplast enzymes of the FASII system suggest the existence of other enzymes allowing generation of fatty acids and isoprenoids.
Gliding Motility, Host Cell Attachment and Invasion
Host cell entry by most apicomplexans is an active, multistep process requiring recognition and attachment of the host cell, followed by the formation of a so-called moving junction (MJ) with the host cell and subsequent penetration (Carruthers and Boothroyd 2007) . This active invasion of host cells is mostly dependent on the machinery of gliding motility, termed glideosome, which is conserved across the Apicomplexa.
In T. gondii, motility is driven by rearward translocation of adhesion complexes (formed by the microneme proteins (MICs) inserted in the parasite plasma membrane, and their receptors on the host cell) by the action of the actomyosin system located underneath the plasma membrane. During invasion, the parasite sequentially discharges a series of apical secretory organelles (micronemes, rhoptries) to enact efficient gliding motility. Myosin A (TgMyoA) translocates adhesins at the MJ from the apical to the posterior pole of the parasite. The MJ is composed of apical membrane antigen 1 (AMA1) associated with a complex of rhoptry neck proteins (RONs) that are anchored into the host cortical cytoskeleton, and serves as a support for the parasite's propulsion into the host cell (Tyler et al. 2011) . Invasion occurs rapidly within 30-45 seconds, upon which time the coccidium resides within a parasitophorous vacuole (PV) formed during penetration from both host and parasite material.
The assembled Goussia transcriptome was searched for genes associated with the glideosome, attachment (adhesins) and invasion machinery (components of the MJ) relative to T. gondii, and tabulated (Table 3) . G. janae attachment and invasion components are broadly conserved with those in T. gondii, involving a set of proteins that coordinate with the parasite and host. Besides the stage specificity and RNA-seq coverage, the absence or non-detection of certain invasion proteins in comparison to T. gondii could be explained by their sequence divergence and host-specific evolution. The search for invasion proteins identified a few orthologues of T. gondii microneme proteins (MIC7, MIC12). We also identified potential orthologues of MIC13, MIC14, MIC15 and MIC16 (contigs' ORF spanning ∼50% of the T. gondii protein sequences) as well as orthologues of PAN/Apple domain-containing protein (TGME49 200270, TGME49 286150) (Lamarque et al. 2014 ) and sporozoite proteins with an altered thrombospondin repeat SPATR (TGME49 293900).
Thrombospondin-related anonymous protein (TRAP) domain containing proteins in T. gondii and Plasmodium spp. (TgMIC2 and TRAP) transmit the force generated by the actomyosin motor to the host cell (Carruthers and Tomley 2008). The C-terminal tail of these proteins is assumed to be linked to an actin filament via bridging molecules. Myosins anchored to the inner membrane complex (IMC) pull on the actin filament creating the necessary locomotive force to drive forth the parasite (Boucher and Bosch 2015). However, no homologue of TgMIC2 was detected, implicating an important role for other TRAP domain-containing proteins or a potential new factor.
G. janae possesses homologues of actin and several glideosome components of T. gondii, including myosin A, myosin light chain 1 and actin-depolymerizing factor (ADF). The actomyosin motor is attached to the IMC, a critical organelle required for host invasion, and is comprised of flattened alveolar sacs. The transcriptome analysis identified putative orthologues of IMC1, IMC4, IMC6, IMC8, IMC10, IMC13 as well as sequences spanning 30-60% of the sequences of IMC3, IMC5, IMC9, IMC12, IMC14, IMC20 and IMC24 (Anderson-White et al. 2011; Chen et al. 2015) . G. janae possesses the IMC sub-compartment proteins ISP1-3, but not ISP4 (Beck et al. 2010 ). The gliding-associated proteins, GAP40, GAP45, and GAP50, anchoring the actomyosin motor to the IMC (Frénal et al. 2010; Gaskins et al. 2004) , are also well conserved in G. janae, however GAP70, GAP80 and GAPM proteins are lacking. Concordantly with the absence of GAP80, the myosin located to the posterior pole, MyoC was found (Frénal et al. 2014) .
The apical membrane antigen 1 (AMA1) links the inner membrane complex of the parasite to the host cell via interactions with rhoptry neck proteins (RONs), forming the AMA1-RON2-4-5-8 complex, that together make up the MJ (Alexander et al. 2005; Besteiro et al. 2009; Tyler et al. 2011) . AMA1 is broadly conserved across the Apicomplexa, however interestingly, Cryptosporidium lacks an AMA1 orthologue. In addition to AMA1, G. janae also appears to possess the two additional AMA1 paralogs (TGME49 300130 and TGME49 315730) corresponding to AMA2 and sporoAMA1/AMA3 recently described (Lamarque et al. 2014; Poukchanski et al. 2013 ). Additionally, RONs were found to be well conserved in G. janae and T. gondii, with RON2 and RON3 orthologues displaying complete sequence coverage and significant sequence similarity. Putative G. janae orthologues of RON8, RON9 and RON10 were identified as well, albeit with lesser sequence coverage. Also, predicted ORFs that could be aligned over 25-50% sequences of RON1, RON4, RON5 and RON6 were detected. The presence of MJ components in G. janae is rather unexpected and contrasts with the epicellular cryptosporidians that are lacking them.
T. gondii secretes rhoptry and dense granule proteins (GRAs) that interact with the PVM and host cell targets, manipulating pathways that protect the intracellular parasite against clearance. In contrast to the invasion machinery, proteins implicated in the subversion of host cellular functions are predominantly species-specific and those characterized recently in T. gondii are not found in G. janae. Only ROP9 homologue, an early invasive stage protein was detected (Chen et al. 2014) . Among the GRAs, homologues of GRA10, GRA12, GRA12 bis, GRA17 and a few other putative GRAslike cathepsins (CPC1 and CPC2) were detected (Table 4) . Importantly, T. gondii GRA17 and GRA23 have recently been demonstrated to localize to the PVM and contribute to the molecular sieve mediating passive transport of small molecules across the membrane (Gold et al. 2015) . Most apicomplexans that form a PMV concomitantly possess either one or both these GRAs providing for PVM permeability and nutrient flux. However, Cryptosporidium spp. lack either of them, suggesting that the molecular sieve is replaced in these parasites by the feeder organelle membrane (FOM) as the major site of nutrient transport. GRA12 is associated with the intravacuolar membranous nanotubular network, which contributes to the membranous interface between the parasite and host cell (Besteiro et al. 2009 ). The non-detection of other GRA proteins could be explained by their absence in the investigated stage or by the fact that the majority of the secreted proteins encoded by T. gondii target host signaling pathways, and a different set of proteins are involved in modulating the fish host. Furthermore, the epicellular localisation might make the parasite less exposed to the host cytosol and thus requires a different or smaller repertoire of proteins.
The necessary proteins to drive its entry into the host cell by actin-dependent gliding motility, as described for T. gondii and Plasmodium spp., have also been found in G. janae. However, this coccidium does not penetrate deep into the cytosol of the host cell, instead residing epicellularly beneath the cell membrane in the apices of intestinal epithelial cells in a manner similar to members of the genus Cryptosporidium. The microvilli of the intestine are stretched around the parasite and the epithelial membrane is fused, implicating a role for modulation of the underlying host cell cytoskeleton following infection. This is in contrast to T. gondii, which upon infection in the gut traverses the epithelial monolayer, crosses the basement membrane, ultimately reaching the circulatory system. Despite the presence of important proteins involved in the glideosome and invasion machinery, relative to T. gondii, the restricted epicellular localisation of G. janae and inability to completely invade the host cell, suggests alternate factors are involved. In this context the absence of the MyoC-glideosome (Frénal et al. 2014 ) and the members of GAPMs family (Bullen et al. 2009 ) as well as some components of the conoid such as RNG 1, RNG2 and AKMT (Katris et al. 2014; Sivagurunathan et al. 2013 ) might reflect the different needs in host cell entry and egress.
Conclusions
Results of mRNA sequencing and phylogenetic and BLAST analyses are in agreement with the previous 18S rDNA-based observations of the basal clustering of G. janae in the eimeriorinids or sarcocystids. All things considered, the abundant well-curated data sets for the Sarcocystidae could potentially skew this inference in their favor.
G. janae genes involved in the glideosome function and MJ formation relative to T. gondii were identified. G. janae seems able to rely on the conserved actomyosin motor for motility and penetration, a well conserved feature of apicomplexan parasites studied thus far. However, it resides in an epicellular location at the apical surface of intestinal epithelial cells, enclosed by the host cell plasma membrane, reminiscent of Cryptosporidium. The results from this search highlight the potential importance of conserved invasion machinery proteins. G. janae is well positioned to help answering how epicellular parasites might have evolved to become obligate intracellular parasites. It is intriguing to investigate further the evolution of this coccidium in metabolically adapting to these two different niches. Its epicellular location constrains its contact to the host cytosol although the parasite is likely accessing host cell nutrient via the molecular sieve at the PVM. Moreover, G. janae is in close proximity to the gut lumen, another nutrient source, and harbors comparable metabolic capabilities compared to T. gondii indicative of a potentially high level of versatility.
A comprehensive transcriptomic analysis performed on a series of time points covering the entire oocyst development in T. gondii (Fritz et al. 2012) has provided important insights into sporogenesis. The data reported here on G. janae should contribute to the identification of the conserved genes governing oocyst wall formation and resistance to environment as well as sporozoite infectivity.
Methods
Oocysts source and purification: 35 chub (Squalius cephalus) fish were sampled with electrofishing method in Plav on Malše River, Czech Republic in March 2014 and kept in the aquaria at 8
• C. The fish were starved to increase the release of as much clean casts as possible. Two days after sampling, fish started to release white casts. The light microscopic observation of the casts revealed they contain Goussia janae-like oocysts, the species previously described from common dace and chub (Lukeš and Dyková 1990) . As most of the casts contained only a small amount of oocysts, fish were moved to room temperature (20
• C) to increase the oocyst production. The casts were collected every day and placed in separate Petri dishes maintained at 8
• C room to sporulate. Two casts containing a large amount of oocysts were randomly selected for obtaining 18S rDNA sequences for the isolate's characterization. The casts were left to sporulate for two weeks. 65 casts released from S. cephalus were examined under the Olympus BX51 light microscope to observe the sporulation process, as well as presence of contaminants (bacteria, ciliates, diatoms, trematode eggs, myxozoans-Myxobolus). Potassium dichromate was added to S. cephalus casts to eliminate the bacteria and ciliates as well as to prevent their further growth. The oocysts were purified from the host tissue by centrifugation in a cesium chloride gradient, and ampicillin and penicillin were added to prevent the growth and eliminate the bacteria, albeit incompletely. Photographic documentation was done during oocyst sporulation using differential interference contrast microscopy on the Olympus BX51 light microscope equipped with Olympus DP70 digital camera. The sample did not contain any myxozoan spores, trematode eggs or diatoms except for some host tissue, which was not possible to remove. The sample also contained some bacteria, which were not eliminated after antibiotic treatment.
Histology and electron microscopy: Parts of the intestinal tissue were fixed, processed and stained for histology as described previously (Lukeš and Dyková 1990) . For transmission electron microscopy, small parts of the infected intestine were fixed in 4% OsO 4 in 0.2 M cacodylate buffer (pH 7.2) for 1 hr at 4
• C, then dehydrated in graded ethanol series and embedded in Epon-Araldite resin, and ultrathin sections were viewed in a JEOL JEM-1010 transmission electron microscope. Fecal casts from fish kept in aquaria were carefully collected by a Pasteur pipette and transferred into a Petri dish containing tap water, where they were kept to sporulate at 15 o C for 1 week. Next, the oocysts were collected by differential centrifugation and a sample containing approximately 6,050,000 oocysts was used for RNA isolation (see below).
RNA isolation: The homogenized sample was lysed in TRIzol (Life Technologies), incubated for 5 min at RT, and the isolation was performed by chloroform-isopropanol extraction according to manufacturer's instructions (Life Technologies). The RNA pellet was air dried for 5 min and then resuspended in RNase-free water, incubated at 55 o C for 10 min and stored at -80 o C until use. Total RNA quality and concentration was assessed and subsequently sent for RNA sequencing. The sample yielded 1.741 g of RNA when eluted in 50 l of H 2 O, at a concentration of 34.82 ng/l (Supplementary Material Fig.  S2 ).
DNA extraction from casts, PCR amplification and sequencing for strain identification: Total DNA from two randomly selected casts was extracted by a standard phenolchloroform method) after an overnight digestion with proteinase K (100 g ml −1 ) at 55 Maslov et al. 1996) . The extracted DNA was re-suspended in 100 l of distilled H 2 O and kept at Epicellular Fish Coccidium Goussia janae 673 4
• C. 18S rRNA gene was amplified from both samples using universal eukaryotic primers ERIB1 and ERIB10 (Barta et al. 1997) . The PCR program consisted of initial denaturation, followed by 30 cycles of 95
• C for 1 min, 48
• C for 1 min, 72
• C for 2 min. The PCR products were purified and sequenced.
Library preparation and Illumina paired-end RNA-seq: Illumina HiSeq 2500 paired-end (2x100 bp) library preparation and sequencing was carried out by the Genomics platform, iGE3 (the Institute of Genetics and Genomics) at the University of Geneva. The RNA sample was multiplexed across two sequencing lanes of the flow cell.
De novo transcriptome assembly by Trinity: The adapter sequences from the raw reads were trimmed using the FASTX-Toolkit (http://hannonlab.cshl.edu/fastx toolkit/) (phred<20). The resulting reads after quality control were fed into the Trinity pipeline for de novo assembly (Grabherr et al. 2011; Haas et al. 2013; Henschel et al. 2012) , performed on the Baobab cluster of the University of Geneva. The read assembly was performed with a minimum k-mer coverage of 2 and the default k-mer size of 25. The Trinity modules assemble the RNA-seq reads into full-length transcripts, and has been found to be efficient in de novo transcriptome reconstruction, better than other available de novo transcriptome assemblers.
Annotation: The assembled sequences were used for blast searches against a number of protein databases such as SwissProt, UniRef90, OrthoMCL-DB (TRAPID pipeline) and KEGG.
KAAS (KEGG Automatic Annotation Server), was used for a quick functional annotation of the Trinity transcripts, to get a broad overview of the functional classification of the transcripts (Kanehisa et al. 2012; Moriya et al. 2007) . KAAS blasts the transcripts to the manually curated KEGG GENES database and assigns the corresponding KEGG orthoglogy identifiers (K numbers) to genes in the KEGG pathway database.
The Trinotate suite was used for a comprehensive annotation of the Trinity assembled sequences (http://trinotate.github.io/). Trinotate is designed for automatic functional annotation of transcriptomes, where Trinity transcripts are searched for sequence homologies using BLAST (Altschul et al., 1990) against available sequence data (SwissProt/Uniref90). The suite includes protein domain identification by HMMER (PFAM) (Finn et al. 2011; Punta et al. 2012) , signal peptide and transmembrane domain prediction (signal/tmHMM) (Krogh et al. 2001; Petersen et al. 2011) , and comparison to currently curated annotation databases (EMBL Uniprot eggNOG/GO Pathways databases) (Ashburner et al. 2000; Kanehisa et al. 2012; Powell et al. 2012) .
Phylogenetic analysis: Predicted ORFs from the Trinity assembled transcripts were searched for selected genes and used for phylogenetic analyses. In these analyses, the selected protein sequences representing G. janae were aligned with the published sequences of apicomplexan members using MUSCLE (Version 3.8.31) sequence alignment software (Edgar 2004a, b) . The resulting multiple sequence alignment was curated and manually edited, using BioEdit (http://www.mbio.ncsu.edu/bioedit/bioedit.html) to remove uninformative positions of the alignment. In parallel, Gblocks program (Version 0.91b) (Castresana 2000; Talavera and Castresana 2007) was used to curate the alignment with the highest stringency parameters. Maximum likelihood and an improved method of neighbor joining phylogenetic analyses were carried out using PhyML 3.1/3.0 aLRT (Guindon et al. 2010) and BioNJ (Gascuel 1997), respectively, to assess the evolutionary relationship between G. janae species and other members of the phylum Apicomplexa. The MUSCLE alignments, manually curated and Gblocks curated, were fed into PhyML for tree construction (SH-like approximate Likelihood-Ratio Test), using WAG model of amino acids substitution with NNI topology search ( Fig. 3 and Supplementary Material Fig. S3 respectively) . The tree generation in BioNJ was done by the James-Taylor-Thornon (JTT) matrix substitution model with 1000 bootstraps (Supplementary Material  Fig. S4 ). The sequences representing Ciliophora (Tetrahymena thermophila / Stylonychia lemnae) were used as an outgroup to assess the position of G. janae with respect to other apicomplexans. The sequences used in the phylogenetic analysis were listed in Supplementary Material Table S6 , and the alignment files before and after curation as Supplementary Material Figure S5 . Phylogeny.fr platform was utilized for much of the above analysis (Dereeper et al. 2008 (Dereeper et al. , 2010 .
